NEO-102. Secondary objectives were to assess pharmacokinetics, anti-tumor activity and biologic correlates. Patients whose tumors express NPC-1 antigen were eligible. Dose-escalation was performed in a 3 + 3 design at doses of 1.5, 2, 3 and 4 mg/kg. Results A total of 19 patients (4 pancreatic and 15 colon cancer) were enrolled at participating institutions in the treatment phase. Most common treatment-related adverse events included anemia, fatigue, fevers, chills and flushing. There was no detectable hemolysis. Of twelve patients evaluable for disease response, the response rate at week 8 included 5 patients with stable disease and 8 patients with progressive disease (PD). Treatment-related grade 3/4 hyperbilirubinemia and anemia were observed at 4 mg/m2. Reversible hypoxia at 3 mg/kg was a dose-limiting toxicity. The maximum tolerated dose was established at 3 mg/ kg. Of 74 patients who underwent tissue screening, positive NPC-1 expression was 47 % in colon and 59 % in pancreatic cancer. Conclusions Treatment with the NEO-102, in this first-inhuman study, is well tolerated with a manageable safety profile. A maximum tolerated dose of 3 mg/kg has been established. Toxicity profile is typical for this therapeutic class and allows for combination with conventional cytotoxic therapies.
Biologics, Inc.) is a novel chimeric IgG1 monoclonal antibody developed as a biologic treatment for patients with pancreatic and colorectal cancers.
MUC5AC is a member of the mucin gene family and involves a carbohydrate structure on the amino acid backbone of a large (~100 kDa) heavily glycosylated protein.
The MUC5AC gene has been reported to be expressed mainly on the surface epithelium of normal gastric mucosa and normal airway epithelium [2] . MUC5AC is found in the GI tract and is preferentially expressed on colon and pancreatic cancer cells [3] . MUC5AC is predominantly expressed in the respiratory tract, in inflammatory conditions such as cystic fibrosis and COPD, producing increase levels of mucous production. Whereas MUC5AC expression has been demonstrated in fetal and precancerous colonic mucosa, it is absent in normal adult colon [4, 5] . Unlike the inflammatory conditions where MUC5AC is heavily glycosylated, in pancreas and colon tumors, MUC5AC is aberrantly glycosylated [6] [7] [8] [9] . NEO-102 antibody can discriminate between the native MUC5AC and the aberrantly glycosylate, NPC-1, homolog of MUC5AC in tumors imparting tumor selectivity, which is exploited in this therapeutic strategy.
NEO-102 was one of several antibodies raised against an allogeneic colorectal cancer vaccine that had previously been tested in human clinical trials in the USA [10] . This original vaccine was screened from 79 patients with various stages of colon cancer whose tumor membranes fractions were pooled, separated by HPLC, and tested for delayedtype hypersensitivity (DTH). The component that produced a strong DTH response upon screening was selected as the original vaccine and used in clinical trials. Results of that preliminary study with the vaccine in patients with refractory colorectal cancer revealed clinical benefits that correlated directly with patients developing IgG responses against the vaccine [10] . This formed the rationale for the vaccine to screen antibodies for sensitivity, specificity and anti-tumor function against colon cancer. NEO-102 was the first of 3 antibodies identified that met these criteria. Although unknown at the time of drug discovery, through protein purification and mass spectroscopy the homologous sequence to MUC5AC (NPC-1) was identified as the target for this compound.
Preclinical studies demonstrated that NEO-102 antibody binds specifically to a novel MUC5AC-related antigen and directs antibody-dependent cellular cytotoxicity (ADCC) in the presence of normal human peripheral blood mononuclear cells (PBMCs) [11] . Additionally, anti-tumor efficacy was noted in preclinical pancreatic and colon cancer tumor xenograft models [11] . An immunohistochemistry (IHC)-based companion diagnostic assay has been developed in parallel with the therapeutic compound. This work provided the foundation for exploring NEO-102 as a therapeutic strategy for the management of pancreatic and colon cancer.
Patients and methods

Study design and patient selection
This is a phase 1, open-label, multi-institution, dose-escalation clinical trial of the therapeutic monoclonal antibody, NEO-102. Eligible patients had histologically confirmed colorectal cancer that had progressed on at least two lines of systemic therapy or advanced adenocarcinoma of the pancreas that had progressed on at least one line of systemic therapy. Patients were preselected based upon IHC testing for NPC-1 antigen expression performed on archival formalin-fixed paraffin-embedded (FFPE) tissue. A minimum of 20 % of tumor tissue staining positive at ≥2+ intensity was required for eligibility. Patients were required to have good performance status (ECOG performance status ≤2), evidence of measureable disease per Response Evaluation Criteria in Solid Tumor (RECIST criteria v1.1 [12] ), adequate hematologic (hemoglobin >8.5 g/dL, absolute neutrophil count ≥1500/mm 3 and platelets ≥50,000/ mm 3 ), hepatic (total bilirubin <2.0, alanine transaminase and aspartate transaminase less than 3 times the upper limit of normal or 5 times the upper limit of normal in the presence of liver metastasis) and renal (serum creatinine ≤1.5 mg/dL, creatinine clearance of >40 mL/min/1.73 m 2 ) function. Exclusion criteria included disseminated or uncontrolled brain metastases, ascites with clinically identifiable abdominal distention, major surgery within 4 weeks of enrollment, concomitant uncontrolled illness, concurrent anti-neoplastic systemic therapy, uncontrolled diabetes, history of grade 2 or above allergic reaction to cetuximab, prior hemolytic anemia, concurrent warfarin use, and anticipated life expectancy of less than 8 weeks.
Patients were screened for inclusion in two phases: IHC screening and treatment screening. Informed consents for both screening phases were performed separately. Patients with positive expression of NPC-1 target antigen by IHC were eligible to initiate the treatment screening phase.
The primary objective of this study was to determine the safety and tolerability of escalating doses of NEO-102 monoclonal antibody. Secondary objectives were determination of pharmacokinetics at each dose level, as well as anti-tumor activity as measured by overall survival (OS) and RECIST criteria v1.1 [12] . Overall survival was calculated from time to enrollment on this clinical trial, until death. Patients were enrolled at three participating institutions with approval from the ethics committees at respective institutions and regulatory authorities. The study followed the Declaration of Helsinki and the International Conference on Harmonization Good Clinical Practice guidelines. The study was supported by Precision Biologics, Inc., and registered at Clinicaltrials.gov (NCT01040000). All patients signed a written informed consent prior to starting study-specific procedures.
NEO-102 immunohistochemistry
Formalin-fixed paraffin-embedded sections at 5 µM were obtained, placed on glass slides and stained with hematoxylin/eosin using an automated H/E stainer. IHC for NEO-102 was performed on formalin-fixed paraffin-embedded sections at 4 µM placed on positively charged slides. Following deparaffinization the antigen retrieval was performed at 115 °C in a decloaking chamber. The endogenous peroxidase was blocked by incubating with 3 % H 2 O 2 for 10 min. The slides were then loaded on to a (DAKO) Autostainer followed by endogenous biotin blocking. Following a brief protein blocking step, the sections were incubated for 60 min at room temperature with the NEO-102 antibody at a 1:200 dilution (Precision Biologics). Detection was performed using a commercially available streptavidin-HRP antibody conjugate by incubating for 30 min.
Treatment
NEO-102 was administered intravenously (IV) every 14 days. Three to six patients were treated at each of the following dose levels: 1.5, 2, 3 and 4 mg/kg. NEO-102 was initially started at a rate of 0.5 mg/min, and the rate increased as tolerated in 0.5 mg/min increments every 30 min to a maximum rate of 4 mg/min. Patients were monitored as inpatient for 24 h after the first infusion, and remaining infusions were administered as an outpatient. Premedication with dexamethasone (10 mg IV), ranitidine (50 mg IV) and diphenhydramine (25-50 mg IV) was administered prior to each dose. Additional treatment could be offered in the absence of dose-limiting or unacceptable toxicity, progressive disease, or per investigator discretion.
Adverse events were graded for severity using the National Cancer Institute Common Terminology Criteria for Adverse Events (CTCAE version 4.0). Dose-limiting toxicity (DLT) was defined as any one of the following in the first 30 days: any grade 3 or 4 hematologic/non-hematologic toxicity or severe infusion-related reaction/allergic reaction/hypersensitivity to NEO-102. Transient toxicity related to infusion including fatigue, infusion reactions, flulike symptoms, fever and headache that recover to grade 1 or less within 8 h after standard supportive treatment was not considered a DLT. A standard three-plus-three doseescalation design was followed for dose escalation [13] . The starting dose of 1.5 mg/kg for this trial was based on clinical experience with an earlier version of Ensituximab (NEO-101) [14] . Hemoglobin levels were checked 24-48 h after completion of infusion to assess for hemolysis. Patients who experienced greater than 1 g/dL drop in hemoglobin after dosing with NEO-102 underwent additional testing to rule out possible hemolysis including the following tests: direct Coombs, haptoglobin, fibrinogen, D-Dimer, thrombin time or peripheral blood smear review, as indicated.
Tumor assessments were performed by conventional CT scans at baseline and then every 8 weeks. Response assessment was performed based on RECIST criteria v1.1 [12] . Blood for pharmacokinetic (PK) analysis was collected at the following time points: prior to the start of infusion, at the end of infusion (EOI), and 1, 4, 24, 72 and 168 h after the end of the first infusion. Pretreatment and EOI blood samples were also were drawn for doses 2-4. Where possible, a sample was also collected 14 days after the fourth dose. PK analysis was performed using quantitative self-sandwich ELISA for NEO-102 PK developed by using anti-NPC-1C idiotype antibody (4B6). Individual concentration-time profiles were constructed for each patient for the first cycle. Peak and trough concentrations for each dose were reported as the concentration of NEO-102 within 3 min after the end of infusion and the NEO-102 concentration immediately prior to the next treatment (approximately 14 days later). Additional samples were drawn on day 1, 4, 15 and 57 for human anti-chimeric antibody (HACA) and cytokines. These samples were batched and testing was performed at BioReliance Corporation (Rockville, MD, USA) using a commercially available multiplex 96-well enzyme-linked immunoabsorbent assay kit (MS6000 Human Pro-Inflammatory 9-Plex UltraSensitive Kit K11007; Meso Scale Diagnostics, Gaithersburg, MD, USA) on a Sector Imager 6000 according to the manufacturer's recommendation (Meso Scale Diagnostics). Pro-inflammatory cytokines (IL-1β, IL-2, IL-6, IL-8, IL-10, IL-12p70, TNF-α, INF-γ, GM-CSF) were evaluated at baseline, day 4, day 15 (prior to dose 2) and day 57, when available. Serum samples were stored at −70 °C. The standards and serum samples were run in triplicate with four time points of each subject in the same plate to avoid plate variation.
Statistical analysis
Demographic and baseline disease characteristics for study patients were summarized by means, standard deviations (SD), medians, and ranges for continuous variables and counts, and proportions for categorical variables. Unless otherwise noted, all statistical testing was two-sided and was carried out at the 0.05 significance level. All analyses and tabulations were carried out by SAS (version 8.2 or higher; SAS Institute) on a PC platform.
Results
A total of 19 patients received at least one dose of NEO-102, and baseline characteristics are summarized in Table 1 . Fifteen had colorectal cancer, and four had pancreatic cancer. Median age was 58 years (32-69 years), 58 % were male, and 68 % had an ECOG performance status of 1. A total of 47 % of patients had received four or more prior lines of systemic therapy.
Safety
All patients who received at least one dose of NEO-102 were eligible for safety assessment. Adverse events (AEs) attributed to being related to NEO-102 are summarized in Table 2 . Most common AEs were anemia (32 %), fatigue (32 %), fever (21 %), chills (16 %), flushing (16 %), increased bilirubin (16 %), congestion (16 %). Of these, the following were grade 3/4 AEs: anemia in four patients (21 %), increased bilirubin in two patients (11 %) and transient hypoxia (grade 3) in one patient (5 %). Hypoxia was accompanied by confusion, and radiologic evidence of new groundglass opacities. Pathology after bronchoscopy revealed diffuse alveolar damage, many neutrophils and negative for malignant cells and hypoxia resolved on oral prednisone and 1 L oxygen by nasal cannula.
Dose titration to 4 mg/kg was completed with no observed dose-limiting toxicity in the first three patients and preplanned expansion cohort at 4 mg/kg began. The sixth and seventh patient at 4 mg/kg experienced grade 3 anemia and transient asymptomatic grade 3 hyperbilirubinemia. Additionally, the fifth patient at this dose experienced a transient asymptomatic grade 3 hyperbilirubinemia after the third dose of NEO-102. Although possibly drug related, these events occurred after completion of dose-escalation phase of the clinical trial, the study cohort review committee decided to de-escalate to 3 mg/kg to ensure safety of subsequent patients. Three additional patients were then treated at the 3 mg/kg dose level with one out of six patients experiencing grade 3 reversible hypoxia (deemed to be a DLT). Therefore, 3 mg/kg was established as the maximum tolerated dose (MTD).
Efficacy/response
Patients who received at least two doses of NEO-102 were considered evaluable for response. Sixteen patients were eligible for tumor assessment measurements. There were five patients with stable disease (4 colorectal, 1 pancreatic) and six patients with PD at week 8. Five patients were removed from treatment prior to week 8 evaluation (2 for symptoms of clinical progression, 2 for treatment-related toxicity and 1 for unrelated toxicity). As of May 19, 2016 , all patients enrolled died secondary to progressive disease. Patients with colorectal cancer had an overall median survival of 51 weeks (12.0 months) (range 6-130 weeks); patients with pancreatic cancer had an overall median survival of 20 weeks (5 months) (range 10-33 weeks) in this phase 1 study.
Pharmacokinetics
A total of 14 patients were evaluable for pharmacokinetics. First doses ranged from 104 to 531 mg (1.5-4.0 mg/kg), administered over 2.0-6.33 h. Mean dose and duration at the MTD of 3 mg/kg was 240.8 mg infused over 4.17 h. Mean concentration-time profile by dose level following the first dose of NEO-102 for the four dose levels assessed is shown in Fig. 1 . Maximal serum concentrations of NEO-102 were typically observed at the end of infusion, with a rapid decline in concentrations over the first 24-48 h, followed by a slower terminal elimination phase. Pharmacokinetic parameters for NEO-102 are shown in Table 3 . Drug remained detectable in all patients 14 days after the first drug administration, resulting in some drug accumulation. At the MTD of 3 mg/kg, serum concentration immediately prior to the second dose ranged from 1.79 to 15.62 µg/ mL (n = 4). The mean accumulation ratio observed for each dose level ranged from 1.08 to 1.51 (not shown). The pharmacokinetics of NEO-102 appear to be nonlinear with a less than dose proportional increase in exposure with increasing doses. 
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There were no elevations from baseline of serum IL-1β, IL-2, IL-10, IL-12p70, GM-CSF, IFN-γ and TNF-α in 13 subjects at D4, D15 and D57 samples. Increased serum levels of IL-6 were observed at D57 in two subjects, D4 in one subject and D15 and D57 in one subject. Threefold higher serum concentrations of IL-8 were observed at D57 compared to baseline in two subjects. There was no evidence of clinical cytokine storm phenomena in any patients treated. HACA concentrations were less than the assay lower limit of detection of 3.9 ng/mL in 12 patients evaluated.
IHC assay
Up to four unstained formalin-fixed paraffin-embedded (FFPE) tumor tissue slides from 74 potential subjects were tested using biotinylated NEO-102 antibody and a streptavidin-HRP detection system to determine IHC of the NPC-1 antigen. 
Discussion
In this phase 1 study of patients preselected for target antigen expression, an aberrantly glycosylated MUC5AC-related antigen, treatment with NEO-102 is well tolerated with an encouraging safety profile. A maximum tolerated dose of 3 mg/kg has been established. Commonly experienced adverse events were mild and well tolerated. For patients treated at the 1.5, 2 and 3 mg/kg dose levels, grade 3 or 4 adverse events were anemia and one case of hypoxia. Other adverse events including fatigue, diarrhea, nausea, mucositis, weight loss and abdominal pain were mild and partly reflect characteristics of the tumors being evaluated. NEO-102 infusion reactions with standard premedications were rare (1 out 19 patients) .
Two cases of grade 3 hyperbilirubinemia in patients with concomitant liver metastasis were noted at the 4 mg/ kg dose level. In one case, bilirubin elevation was deemed to be from biliary obstruction which improved with biliary stenting. The other patient following the second dose of NEO-102 had a total bilirubin increase from 1.4 to 4.0 mg/dL occur 24 h after treatment, which resolved to grade 1. A third dose was administered at a lower dose, but the patient developed grade 3 hyperbilirubinemia and was removed from study according to per-protocol criteria. Notably, no events of elevated bilirubin were seen at lower dose levels including the MTD of 3 mg/kg. All patients that developed anemia tested negative for hemolysis. One patient with grade 3 anemia was determined to have anemia of chronic disease combined with possible myelosuppression from multiple prior cytotoxic therapy. One case of hypoxia occurred in a patient with colon cancer with extensive lung metastases at the 2 mg/kg dose level. The patient was admitted 5 days following the first dose of NEO-102 with hypoxia and shortness of breath and condition improved following medical management. Patient proceeded to receive a second dose of NEO-102 but was subsequently taken off treatment due to declining functional status. Due to the temporal relationship with drug infusion and increasing recognition of pneumonitis related to immunological agents, hypoxia was deemed to be possibly drug related. Overall NEO-102 demonstrated a favorable toxicity profile at the 3 mg/kg dose level. This has allowed for combination of NEO-102 with other chemotherapeutic agents in ongoing and planned trials.
The NPC-1C antibody exhibits cell-specific binding and ADCC activity against human colorectal and pancreatic tumor cells, but not against control tumor cell lines which do not express this variant of MUC5AC [15] . In vivo, the antitumor efficacy of NPC-1C was tested using pre-established subcutaneous tumor xenograft models [11] . Data showed significant and reproducible anti-tumor activity which provided the foundation for human studies. No partial responses were seen in the patients treated in this phase 1 study, which enrolled a heavily pretreated group of patients. This likely reflects the patient population being treated as the currently FDA-approved agents for refractory colon cancer (regorafenib and TAS-102) have also show very low overall response rate [16, 17] . For agents that impart their effect through immunomodulation, survival end points are largely considered more reliable as opposed to tumor shrinkage/ response rates. Although the overall survival of patients treated on this study is encouraging, no definitive conclusions can be drawn due to the small sample size. Positive selection of patients who potentially had indolent disease to begin with and an effect of additional lines of therapy received by these patients may be favorably skew results. Details on additional lines of therapy are not available for assessment.
An immunohistochemistry (IHC)-based companion diagnostic assay has been developed as an eligibility selection criteria to ensure that patients' tumors express the NPC-1 target, which correlated preclinically with anti-tumor responses. In this assay, the NEO-102 antibody is biotinylated and tested for the ability to detect the MUC5AC tumor-associated antigen (TAA) expressed in normal and malignant human tissues. The rate of expression of target antigen in this clinical trial is 47 % for colon cancer and 59 % of pancreatic cancers.
Following infusion of NEO-102, maximal serum concentrations are observed and distribution appears to be rapid. Cytokine evaluation demonstrated elevations in IL-6 and IL-8 post-NEO-102 infusion. In contrast, no elevations in the other proinflammatory serum cytokines IL-1β, IL-2, IL-10, IL-12p70, GM-CSF, IFN-γ and TNF-α were observed. This correlated with the antibody being well tolerated post-infusion without clinical evidence of cytokine release syndrome.
In summary, NEO-102 is well tolerated with a predictable pharmacokinetic profile. Current treatment strategies for colon and pancreas cancer lack predictive biomarkers, and clinical toxicities limit the prospect of potential combination strategies [18] [19] [20] . The favorable toxicity profile of NEO-102 as observed in this study has allowed the exploration of the role of NEO-102 for the treatment of NPC-1 positive colon and pancreatic cancer as monotherapy, and in combination with cytotoxic chemotherapy in the form of an ongoing randomized phase 2 study of gemcitabine and nab-paclitaxel with or without NEO-102. A maximum tolerated dose of 3 mg/kg has been established as the recommended phase 2 dose.
